A near-field probe fabrication technique for far-infrared frequencies based on photoconducting antennas is developed. A subwavelength-size field source is accomplished by means of an aperture and protruding high refractive index tip. The near-field probe is tested by using free space traveling electromagnetic pulses with a broadband spectrum in the range of 0.3-1.5 THz. A spatial resolution of 60 m is achieved for a 50 m aperture. The described probe may be used for near-field transmission microscopy in illumination and collection modes. Resolution may be further improved by means of a smaller aperture. © 2000 American Institute of Physics. ͓S0003-6951͑00͒04630-1͔
In near-field microscopy a resolution beyond the diffraction limit is achieved by spatial confinement of electromagnetic fields. [1] [2] [3] In the range of THz frequencies, a sample is usually probed by placing a localized emitter close to a sample, [4] [5] [6] [7] or by coupling the radiation into a near-field probe, which confines the electromagnetic field. [7] [8] [9] The latter approach often employs subwavelength apertures and suffers from significant losses due to inefficient coupling. Among various sources for far-infrared pulses, photoconducting antennas are the most efficient in the range of 0.2-2.0 THz. [10] [11] [12] [13] In a conventionally designed antenna on lowtemperature ͑LT͒ grown GaAs an electromagnetic pulse is emitted in a wide solid angle. 14 The pulse travels through a thick antenna substrate and diverges significantly by the time it exits the structure. In order to use the photoconducting antenna as a localized source, it needs to be placed close to the sample. Thin antennas fabricated on transparent substrates provide a possible solution to this problem. We report on photoconductive antennas based on 1-m-thick LT GaAs transferred to a sapphire substrate, and their implementation as near-field probes. The light confining structure employs a metallic aperture placed in close proximity to the source and a high refractive index taper protruding through the aperture. The tapered geometry of the tip is chosen to reduce reflected wave. 15 We present emission and detection characteristics of the antenna transferred to the sapphire substrate. For the near-field probe, the question of most interest is how well it confines the electromagnetic field and how the probe tip perturbs the original pulse. Tapered GaAs tips are characterized for transmission with far-infrared electromagnetic pulses.
A 1-m-thick layer of GaAs is grown at 300°C by molecular beam epitaxy on ͗100͘ oriented semi-insulating GaAs. In order to control the etching, a 50 nm AlGaAs stop etch layer is introduced between the LT GaAs layer and the GaAs substrate. The material is annealed at 600°C for 1 min in formine gas. A 60-m-long dipole antenna structure based on a previous design is fabricated on LT GaAs.
14 The antenna is glued to the sapphire substrate with a high temperature optical epoxy, with metal electrodes facing the sapphire. The GaAs substrate is thinned by means of mechanical polishing to a thickness of 50 m and subsequently etched in a citric acid-based solution ͑50% citric acid: H 2 O 2 -5:2͒. 16 The etching process stops at the AlGaAs layer, for which the etching rate is several times lower. After the etching, only the LT GaAs layer is left, with no cracks or voids. In order to open the antenna contacts buried under the semiconductor layer, a small area of 2ϫ2 mm above the antenna dipole, is masked with photoresist, and the rest of the material is etched away. Gold is inactive to the citric acid-based solution. The metal contacts remain on the sapphire surface, bonded by the epoxy. The fabricated antenna is compared to a conventional LT GaAs antenna 14 using the time domain spectroscopy ͑TDS͒ technique. [10] [11] [12] [13] Aplanatic hyperhemispherical Si lenses with a radius of 1 mm are attached both to the reference THz antenna and the antenna transferred to the sapphire substrate for efficient coupling of the radiation.
For the characterization of the detection properties, we use the antennas for measuring THz wave forms generated in a ZnTe crystal. 13 A beam from a mode-locked Ti:sapphire laser with 100 mW of average power is focused on a ͗110͘-oriented ZnTe crystal. Ultrashort optical pulses ͑100 fs͒, incident on the nonlinear crystal, generate broad band THz pulses suitable for the characterization. The THz beam is collected and focused on the detector with a system of parabolic mirrors. The detector is gated by femtosecond probe beam pulses from the same laser. The THz wave form is obtained by measuring the photocurrent while varying the time delay of the optical pulses.
The frequency response of the antenna transferred to the sapphire substrate does not show significant difference, compared to the conventional antenna ͑Fig. 1͒. The on-state resistivity is ϳ1.4 M⍀ for 25 mW of optical power and the dark resistivity is more than 1 G⍀, one order of magnitude The process is continued until the taper diameter decreases to a value of several microns. The photoresist remains on top of the taper and, covering the etched structure, serves as a mask to form the metallic aperture. The photoresist is removed after deposition of a 600-nm-thick gold film. The final structure contains the metallic film with a 50-mdiam aperture on the back side of the antenna, and a 25-mhigh GaAs taper, protruding through the aperture. The antenna contacts are opened by the same technique as described above. A schematic diagram of the near-field emitter is shown in Fig. 2 .
The transmission properties of the taper are studied by means of measuring the THz wave transmitted through the structure, which is placed at the focal point of a freely propagating THz beam. The THz pulses are generated by LT GaAs photoconducting antenna.
14 The transmitted radiation is collected by a parabolic mirror (NAϭ0.5) and measured in the far field region. The spectrum contains mostly the high frequency components of the original pulse ͑Fig. 3͒. More efficient transmission for shorter wavelength components distorts the pulse shape. The transmitted wave form shows faster oscillations and longer duration. Compared to a metallic focusing tip reported by Hunsche et al., 9 our probe shows significantly lower cutoff frequency: 0.4 THz for the 50 m aperture probe. A cone or pyramid made of a high refractive index material protruding through the aperture considerably shortens the effective wavelength inside the structure. Thus the cutoff frequency of the aperture shifts to a lower value and transmission through the aperture increases. The refractive index of GaAs at the range of 0.2-1.5 THz frequencies is almost constant (nϭ3.6). 17 The broad-band spectrum of the original THz pulse has a maximum at 0.5 THz, which corresponds to an effective wavelength of 180 m inside GaAs. For the transmitted pulse the spectrum maximum shifts to 0.8 THz, which corresponds to a wavelength of 100 m in GaAs. In order to estimate the transmission coefficient we compared the intensity of the pulse, passed through the tip, with that of the freely propagating original pulse ͑Fig. 3͒. Attenuation is of the order of 10 Ϫ3 , and it is mainly attributed to the coupling losses.
In principle, the aperture size may be reduced to obtain a better spatial resolution. The near-field probe integrated on the antenna is not expected to suffer from significant power losses, since most of the pulse power is localized at the aperture.
We studied the imaging capabilities of the probe by scanning a metallic pattern deposited on semiconductor surface, over the tip at a distance of ϳ20 m. THz pulses generated by the photoconducting antenna are focused on the probe, which confines the radiation to the aperture size. The sample is locally illuminated through the probe, and the transmitted radiation is detected in the far field region. Figure 4 shows measured THz wave forms for different positions of the metal edge with respect to the tip. A THz nearfield image can be constructed by measuring the electric field of radiation at a fixed time delay, while an object is scanned over the tip. 9 This signal reflects changes in both phase and amplitude. Spatial resolution is found to be of the order of the aperture size ͑60 m, 10%-90% test͒, when the edge of the film is parallel to the electric field vector. Metal surfaces oriented perpendicular to the field vector can be imaged with resolution of 100 m.
In conclusion we developed a near-field THz probe fabrication technique. The probe is based on photoconducting antenna grown on LT GaAs and employs a taper protruding through a subwavelength aperture. Combined with time domain measurements, this probe allows the formation of nearfield images with subwavelength ͑ϳ/6͒ resolution. Using far infrared pulses with the central wavelength of 375 m, resolutions of 60 and 100 m were achieved for s-and p-polarizations respectively. The limit of the spatial resolution is imposed by the size of the aperture and may be decreased. Choosing a slit instead of the aperture may be beneficial since the transmission coefficient through the slit is higher for the polarization perpendicular to the slit.
